Following a critical review of spectroscopic data for neutral strontium ͑Z=38͒, the energy levels, with designations and uncertainties, have been tabulated. Wavelengths with classifications, intensities, and transition probabilities have also been reviewed. In addition, the 5s 2 S 1/2 , 4d 2 D 3/2 , and 4d 2 D 5/2 ionization energies have been listed. A summary of the current state of measurements of the Sr I 5s 2 1 S 0 -5s5p 3 P 0 ‫ؠ‬ , F =9/ 2 atomic clock transition, and other isotopic observations has also been included. © 2010 by the U.S. Secretary of Commerce on behalf of the United States. All rights reserved.
Introduction
Strontianite was distinguished from barium minerals by Adair Crawford in 1774, but elemental strontium was not isolated until 1808 by Sir Humphrey Davy, who used electrolysis to do so. Its name comes from the Scottish town Strontian. As a member of the alkaline earth group of elements, it has chemical properties similar to calcium and is a soft, silvery metal at room temperature. It oxidizes rapidly when exposed to air. It has a melting point of 777°C and a boiling point of 1382°C. Its atomic number is 38, the atomic mass is 87.62, and its specific gravity at 20°C is 2.64 ͓08CRC͔. The ground state of neutral strontium is 1s 2 2s 2 2p 6 3s 2 3p 6 3d 10 4s 2 4p 6 5s 2 1 S 0 . There are four stable isotopes of strontium plus one ͑ 90 Sr͒ with a half life of 29.1 year The latter is present in the fallout from nuclear explosions and is of particular concern because it causes health problems. Data for these five most common isotopes are summarized in Table 1 . There are 32 other known radioactive isotopes and isomers of strontium.
The ionization energies and all energy levels and level uncertainties in this paper are given in cm −1 . As reported in ͓05MOH/TAY͔ the unit cm −1 is related to the SI unit for energy, the joule, by 1 cm −1 = 1.986 445 61͑34͒ ϫ 10 −23 J. The emission spectrum of neutral strontium has been studied in great detail, starting in the early 1900s ͓10SAU, 18MEG, 22SAU, 25RUS/SAU, 31WHI, 33MEG͔. A significant improvement in wavelength measurements was published by Sullivan ͓38SUL͔ who measured transitions from 2300 to 10 036 Å using a Fabry-Pérot interferometer. This information, along with unpublished material by Humphreys and Russell, was used by Moore ͓52MOO͔ to produce a comprehensive table of energy levels.
Following this, research interest turned to the absorption spectrum, with Garton and Codling ͓68GAR/COD͔ measuring principal series lines between 1651 and 2429 Å to obtain 5snp, 4dnp, and 4dnf energy levels up to n = 33. In a companion paper Garton et al. ͓68GAR/GRA͔ reported the first photometric observation of the strontium spectrum, which allowed them to calculate absorption cross sections. A similar set of measurements enabled Hudson et al. ͓69HUD/ CAR͔ to locate 4dnf levels up to n = 43 and also to determine oscillator strengths for the transitions. Newsom et al. ͓73NEW/OCO͔ combined absorption measurements in the 2100-7600 Å region with emission data extending to 26 000 Å to determine several new energy levels just above the first ionization limit. The absorption spectrum was extended further into the ultraviolet by Brown et al. ͓83BRO/ LON͔, who observed features down to 1400 Å. By using photoabsorption, the accuracy of 5snp 1 P 1 levels was further improved by Baig and Connerade ͓84BAI/CON͔, who also extended the range to n = 84.
The introduction of lasers to pump neutral atoms into lowlying excited states from which absorption spectra could be obtained, made several additional Rydberg series accessible for study. Ewart and Purdie ͓76EWA/PUR͔ extended the 5sns 1 S 0 and 5snd 1 D 2 series to n = 40 and Esherick ͓77ESH͔
extended them to n = 70 and added 5snd 3 D 2 levels up to n = 37. In 1978 Rubbmark and Borgström ͓78RUB/BOR͔ combined new absorption spectra with the previous observations to improve the accuracy of many energy levels and add the 5snf 1 F 3 series to n = 29. Armstrong et al. ͓79ARM/WYN͔ extended the technique to include two-step laser pumping into the 5s6s 3 S 1 level, from which a tunable laser stimulated transitions to 5snp 3 P 0,1,2 levels up to n = 60. By using a single laser to produce two-photon absorption in strontium, Beigang et al. ͓82BEI/LUC͔ were able to measure the energies of 5sns 1 S 0 and 5snd 1 D 2 levels with an absolute accuracy of 0.0010 cm −1 for n up to 84. In a separate experiment Beigang et al. ͓82BEI/LUC2͔ populated the 5s5p 3 P 1,2,3 levels in a dc discharge and used a laser to excite levels of 5sns 3 S 1 and 5snd 3 D 1,2,3 . Laser excitation also allowed Kompsitas et al. ͓90KOM/COH, 91KOM/GOU͔ to observe J = 3 odd-parity levels and even-parity 4dnd, J =0,1 levels above the first ionization energy. A three-laser technique was used by Dai and Zhao ͓95DAI, 95DAI/ZHA͔ to measure energies and lifetimes of 5sns 1 S 0 and 5snd 1,3 D 2 levels. Lifetimes of highly excited 5sns 3 S 1 and 5snd 3 D 3 levels have also been reported by Kunze et al. ͓93KUN/ HOH͔, along with improvements in some of the level values. The first observations of 4dng levels have been reported by Jimoyannis et al. ͓92JIM/BOL, 93JIM/BOL͔. Yaseen et al. ͓02YAS/ALI͔ used two-color, three-photon resonant excitation to observe highly excited 4dnp and 4dnf levels up to n = 43. Recently, improvements in measurements of highly excited 5sns 1 S 0 , 5snp 1 P 1 , 5snd 1,3 D 2 , and 5snf 1 F 3 levels were reported by Philip et al. ͓01MAK/PHI, 06PHI/MAK, 07PHI/CON͔.
Strontium Clock Transitions
In recent years there has been a flurry of spectroscopic research on the frequency of the 5s 2 1 S 0 -5s5p 3 P 0 ‫ؠ‬ transition in the isotopes 87 Sr and 88 Sr because they are candidates to be used to create an optical clock. Because the 88 Sr isotope is bosonic while 87 Sr is fermionic and has a nonzero nuclear spin, each presents a different set of challenges in measuring and evaluating the frequency of the clock transition. At first, probes of optically trapped atoms were done ͓03COU/QUE, 03FER/CAN, 05IDO/LOF͔, but more lately atoms confined in optical lattices have been utilized ͓05TAK/HON, 05SAN/ ARI, 07FOU/TAR, 07BAI/FOU, 07ZEL/BOY, 08CAM/ 
Ionization Energies
Several groups have investigated the ionization energy of neutral strontium with increasingly precise results over the years. Based on all the data available in 1952, Moore ͓52MOO͔ obtained a value of 45 925.6 cm −1 for the lowest ionization energy-the 5s 2 S 1/2 limit. By extending the observed 5snp 1,3 P 1 series Garton and Codling ͓68GAR/COD͔ determined the 5s 2 S 1/2 limit to be 45 932. Table 3 has been obtained by weighting the average of the isotopic values by the percent composition in natural strontium.
Energy Levels
As indicated in the historical discussion above, Rydberg energy levels for neutral strontium have been studied extensively, with observed principal quantum numbers ranging up to n = 84. In order to present the most valuable information in fairly concise tables, we have restricted the data retained in Table 3 to n ഛ 20. In addition, many of the research groups using laser excitation of intermediate states observed doubly excited levels with energies considerably above the first ionization limit. Although it is a somewhat arbitrary cutoff, we restrict the 4dnl levels listed to those with n ഛ 10. The 5pnp, J =0,1,2 levels reported by Cohen et al. ͓01COH/AYM͔, which lie above the 4d 2 D 5/2 limit are also not included in this compilation.
For this compilation a classified line list was assembled, then a least squares optimization of the energy levels was made using the level optimization program ELCALC ͓69RAD͔. In addition to the line list, input to ELCALC includes a list of initial level values. The program then iteratively improves the level values to minimize the differences between the observed wave numbers and those predicted from the levels. In the optimization process, each transition is weighted based on a combination of the uncertainty of the experimental wave number and the uncertainty determined for the combining level of opposite parity. In Table 3 the optimized levels are denoted by having ͓10SAN/NAV͔ in the reference column.
There are several papers ͓79ARM/WYN, 95DAI, 82BEI/ LUC, 82BEI/LUC2͔ reporting multiphoton transitions from the ground state which directly obtain values for energy levels. These values are given in the energy level table with the references listed, even though there are no corresponding transitions to enter in the wavelength table. In addition, Kunze et al. ͓93KUN/HOH͔ used laser excitation from 5s5p levels to obtain the values listed for the 5s19s and 5s20s 3 S 1 , as well as the 5s19d and 5s20d 3 D 3 levels. Since the individual transitions were not given in ͓93KUN/HOH͔, we were not able to include these levels in the optimization process.
For each energy level in Table 3 we first list the designation, as given by the original author, except where later research has indicated a revision should be made. To ensure that the coupling scheme is consistent within each configuration, ab initio calculations were made using the Cowan code ͓81COW͔ and a few designations were revised to conform to the predominant coupling scheme. For visual clarity only the first member of each term has the configuration written out. All members of the same term are grouped together and set off from other terms by a blank line. The term is listed for each level. There are three kinds of coupling indicated for the energy levels. Most configurations are described in LS coupling. Some levels above the first ionization limit are given in jK coupling ͑also known as J 1 l or pair coupling͒. For these the J-value of the core state is included in the designation; the multiplicity as a superscript before the square brackets; and the value of K = J 1 + l in square brackets, where l is the orbital angular momentum of the final electron. Kompsitas et al. ͓90KOM/COH, 91KOM/GOU, 92GOU/ AYM͔ used J 1 J 2 coupling, with the angular momentum of the core and of the final electron in parentheses. The J value of each level is listed in a separate column. 
Wavelengths and Transition Probabilities
In Table 4 we list the most accurate wavelengths observed for each transition. The wavelengths reported here are given in Ångströms, with uncertainties as reported by the original authors. Lines with wavelengths below 2000 or above 10 000 Å are given as vacuum wavelengths and those between 2000 and 10 000 Å as air wavelengths. The index of refraction used for conversions is obtained using the threeterm formula of Peck and Reeder ͓72PEC/REE͔. The wave number of the transition is given in units of cm −1 and the uncertainties of the wave numbers can be calculated from those of the wavelengths.
The intensities listed are those reported by the original investigator. Since, in general, there is no way to normalize data taken from different sources, this means that intensities taken from different sources are not on the same scale and should not be used for comparison. Intensities marked by an asterisk indicate that the measured spectral line either is blended with another line or has two identifications. In either case the intensity cannot be assumed to be entirely due to the transition indicated in the classification. Many of the transitions have line codes, which indicate additional descriptive information about the appearance of the spectral line. In general, the character of a line depends on the light source used and the resolution of the spectrometer. For ease of use we utilize a uniform set of line codes to describe the line characteristics provided by various authors. They have the following meanings:
bl ϭ blend h ϭ hazy l ϭ shaded to longer wavelengths r ϭ easily self-reversed s ϭ shaded to shorter wavelengths w ϭ wide * ϭ intensity may be affected by nearby line There is a considerable body of work on transition probabilities for the Sr I spectrum, largely based on experimental observations. The lifetime of the 5s5p 1 P 1 level was mea- 
